Influence of solute-solvent coordination on the orientational relaxation of ion assemblies in polar solvents J. Chem. Phys. 136, 014501 (2012) Theoretical study of the aqueous solvation of HgCl2: Monte Carlo simulations using second-order Moller-Plessetderived flexible polarizable interaction potentials J. Chem. Phys. 136, 014502 (2012) A two-dimensional-reference interaction site model theory for solvation structure near solid-liquid interface J. Chem. Phys. 135, 244702 (2011) On the solvation structure of dimethylsulfoxide/water around the phosphatidylcholine head group in solution JCP: BioChem. Phys. 5, 12B611 (2011) Additional information on J. Chem. Phys. Diffusivities of pseudoplanar molecules at trace concentration in methanol have been measured at 298.2 K using Taylor's dispersion method. The data of the polar and nonpolar aromatic solutes are compared, and the effects due to solute-solvent interactions on diffusion, together with the solvation numbers, are determined. In this study, the effects are combined with the recently developed solute hydrogen-bond scales to unravel hydrogen bonding between solute and solvent. It is found that the degrees of association of the solutes with methanol decrease in the sequence hydroquinoneϾaromatic acidsϾphenolsϾaromatic aminesϾaprotic aromatic compounds. Except for o-nitrophenol, which is capable of intramolecular hydrogen bonding, all aromatic acids, phenols, and amines studied behave more as hydrogen-bond donor than acceptor in methanol. The present work also indicates that motions of associated molecules can be understood in terms of the molecular behavior of nonassociated solutes and the hydrogen-bond acidity/basicity of polar solutes.
I. INTRODUCTION
Hydrogen bonding has long been a subject of intensive research efforts because of its importance in chemical and biological systems. Current research problems such as self-assembly 1 and molecular recognition 2 are largely connected with hydrogen bonding. Although experimental and theoretical publications on hydrogen bonding abound, 3 however, our understanding of this molecular phenomenon in dilute solutions is still in its relative infancy. Recently, there has been a considerable amount of interest in the study of the role that hydrogen bonding plays in solvation. [4] [5] [6] [7] [8] [9] In previous work, 10, 11 we developed a method of using diffusion measurements to determine the relative strength of hydrogen bonding and the number of solvent molecules associated with an aromatic solute containing one polar functional group in dilute solution. This method, however, is unable to provide more insights into the solute-solvent interactions. For example, in the case where both solute and solvent molecules are capable of being hydrogen-bond-donor ͑HBD͒ and hydrogen-bond-acceptor ͑HBA͒, 12 the solvation number calculated by this method cannot differentiate whether hydrogen bonding is due exclusively to a particular type of donoracceptor pairing or whether it is a result of a mixture of both types of interactions existing between solute and solvent molecules in the solution. In the latter case, it is also of interest to find out quantitatively the extent to which each type of donor-acceptor pairing occurs. Nonetheless, complex hydrogen bonding in very dilute solution is still difficult to study by current experimental methods, and it appears that investigations of this kind have not been reported in the literature.
In another recent paper, 13 we showed that the limiting mutual diffusion coefficient of a solute capable of hydrogen bonding with acetone at one site can be described in terms of the diffusivity of a nonassociated solute with similar monomer size and shape and the 1:1 solute-solvent interaction energy determined from ab initio molecular orbital calculations. The relationship is as follows:
where D 12 A is the diffusivity of an associated solute, D 12 N is the diffusivity of a similar nonassociated solute, and ⌬D 12
Ϫ1
is the excess reciprocal diffusivity ͑i.e., the difference between 1/D 12 A and 1/D 12 N ), which is a function of 1:1 solutesolvent interaction energies. For complex systems where hydrogen bonds are possibly formed ͑and broken͒ at multisites in different ͑unknown͒ proportions, however, solute-solvent interaction energies are difficult to be evaluated by ab initio molecular orbital calculations. In the present paper, we demonstrate that ⌬D 12 Ϫ1 is also related to the recently developed molecular scales 14 of overall hydrogen-bond acidity (⌺␣ H ) and basicity (⌺␤ H ), which are the relative hydrogen-bonddonating and -accepting tendencies obtained from linear free-energy relationship ͑LFER͒. Details of the construction of the scales have been reviewed by Abraham. 15 The main objective of this work is to obtain a better understanding of the molecular dynamics of associated molecules and the nature of hydrogen bonding, in particular the relative behavior of solutes as HBD and HBA, in dilute solutions. The approach is via the study of the effects of molecular association on mutual diffusion.
II. EXPERIMENT
Mutual diffusion coefficients at infinite dilution were measured by the Taylor dispersion method, known also as the chromatographic peak-broadening technique. In this a͒ Author to whom correspondence should be addressed. where D 12 is the mutual diffusion coefficient, R is the internal radius of the diffusion tube, t r is the residence time of the solute in the tube, and W 1/2 is the width at half-height of the eluted peak. The experimental setup and procedures for measurements of mutual diffusion coefficients were similar to those described previously. 13 Briefly, the diffusion tube was an 85.7 m length of 304 stainless-steel tube of 1.59 mm o.d. and 0.98 mm i.d. The capillary tubing was coiled in a 40 cmdiameter circle and placed in a constant-temperature bath which was controlled to 298.15Ϯ0.02 K. A 50 L sample of a dilute ͑ϳ1% concentration by weight͒ solution was injected through an injection valve ͑Rheodyne, model 7725͒ into the solvent stream. To ensure laminar flow, the solvent flow rate was adjusted so that the constant volume flow was only between 0.1 and 0.2 cm 3 min
Ϫ1
. In this work, the solvent was delivered by a Bio-Rad HPLC pump ͑model 1350͒ with a flow rate precision of Ϯ0.1%. At the end of the diffusion tube, the solute dispersion peak was detected with a Dynamax differential refractometer ͑model RI-1͒ with output to a chart recorder.
In the present study, the solute mesitylene ͑98%, Riedel-de Haen͒ was purified by fractional distillation; benzene ͑99.9%ϩ, Aldrich͒, chlorobenzene ͑99.9%ϩ, Aldrich͒, toluene ͑99.5%, E. Merck͒, ethylbenzene ͑99%ϩ, BDH͒, naphthalene ͑99%ϩ, BDH͒, n-propylbenzene ͑99%, Fluka͒, 1-methylnaphthalene ͑98%ϩ, Aldrich͒, biphenyl ͑99%ϩ,
Merck͒, acetophenone ͑99%, Aldrich͒, m-methylacetophenone ͑98%ϩ, Aldrich͒, benzonitrile ͑99%ϩ, E. Merck͒, and benzl cyanide ͑99%ϩ, E. Merck͒ were used as received. All solutes are pseudoplanar aromatic compounds with similar shape; the structures of the polar solutes studied are shown in Fig. 1 . The solvent methanol ͑99.9%ϩ, Aldrich͒ was degassed before use by ultrasonic bath. At least three measurements were made to obtain a diffusion coefficient. All data were recorded at 298.15 Ϯ0.02 K, with temperature measured using a Beckmann thermometer calibrated with a certified thermometer ͑Baird and Tatlock, No. GDZ27736͒. The precision of our data was generally within Ϯ1%.
III. RESULTS AND DISCUSSION
For nonassociated solutes with similar shape diffusing in a given solvent, we have recently observed 18 from experimental measurements at constant temperature that
where D 12 N refers to the limiting mutual diffusivity of nonassociated solutes, k and c are constants, and V represents the molecular volume of solutes. In the above study, Eq. ͑3͒ has been demonstrated to be applicable for solutes ranging from 80 to 320 Å 3 in size. Table I shows the literature values of limiting mutual diffusion coefficient of pseudoplanar solutes in acetone at 298.2 K. Also presented in the table are the van der Waals ͑VDW͒ volume and the hydrogen-bond acidity of solutes. For the nonassociated solutes in acetone, a linear relationship was indeed found between the reciprocal of diffusivity and the molecular volume of the solutes. 13 The relationship at 298.2 K can be represented by the following expression:
where D 12 N is the limiting mutual diffusion coefficient and V is the van der Waals volume of the nonassociated solutes. Equation ͑4͒ fits all data within 1.9%, and the correlation coefficient is 0.996. 
͑5͒
The standard deviation of the fit is 9.67ϫ10 Ϫ3 . When Eq. ͑4͒ and Eq. ͑5͒ are substituted into Eq. ͑1͒, all values calculated for D 12 A agree with the experimental values within 5.5%, the average deviation being only 2.2%. The calculated D 12 A values are also listed in Table I . The above results encouraged us to further investigate correlation between ⌬D 12 Ϫ1 and the overall solute hydrogenbond scales for other systems, and to use it for probing complex hydrogen bonding, in particular between polar solute and protic solvent. Table II lists the limiting mutual diffusion coefficients of some nonassociated aromatic compounds in methanol at 298.2 K. A linear relationship between the reciprocal of diffusivity and the molecular volume of the solutes was obtained as follows:
Equation ͑6͒ fits all data within 1.6%, and the correlation coefficient is 0.997. The linear regression line is shown in Fig. 3 . The relevant data for solutes capable of association with methanol are given in Table III . The effects of solutesolvent interactions on diffusion are presented as deviations (⌬D 12 Ϫ1 ) from the ''nonassociated'' line in Fig. 3 . The effects vary from relatively small for aprotic solutes to a large 92% in the case of hydroquinone. In this study, the decrease in D 12 of the polar compounds cannot be attributed to solute-solute interactions, as the solutions are very dilute and methanol is polar.
The degrees of association of solutes with solvent can be revealed from the solvation numbers, which are found by considering in the diffusion process that a polar solute is diffusing to a certain extent as a solute-solvent complex instead of only as a monomer. The average size increase of a polar solute due to hydrogen bonding can actually be evaluated from ⌬D 12 Ϫ1 . This is equivalent to the increase in the van der Waals volume that produces such an amount of 1/D 12 deviation on the nonassociated line. The solvation number n, which is the average number of methanol molecules associated with a solute in this study, can be calculated by dividing the solute volume increased by the van der Waals volume ͑34.8 Å 3 ͒ of the methanol monomer. The solvation numbers thus determined for the polar solutes, together with their estimated errors, are also given in Table III . It is noteworthy that for solutes containing the same polar group ͑e.g., the phenols͒, the solvation numbers are approximately equal. This indicates that the degree of association is mainly dependent on the type of polar group attached. From Table III , the degrees of association of solutes with methanol through hydrogen bonding decrease in the sequence hydroquinoneϾaromatic acidsϾphenolsϾaromat-ic aminesϾaprotic aromatic compounds. It should be noted that all aprotic aromatic solutes studied are only weakly associated with methanol, which may be due to their lack of hydrogen-bond-donating nature. Also, it is interesting that the values of n for hydroquinone and p-nitrophenol are nearly additive, i.e., they are contributed from each polar group with ϪOHϭ2.4 ͑see n for phenols͒ and ϪNO 2 ϭ0.1 ͑see n for nitrobenzene͒.
Unlike acetone, methanol can act as both an HBD and an HBA, and therefore ⌬D 12 Ϫ1 for the associated solutes can be considered as having two contributions from different interactions as follows:
In Eq. ͑7͒, A is proportional to solute ͑HBD͒-solvent ͑HBA͒ interactions, and B is contributed from solute ͑HBA͒-solvent ͑HBD͒ pairing, i.e., Aϰ⌺␣ Table III suggest that hydroquinone, aromatic acids, and phenols predominantly act as HBDs in methanol, although these molecules also perform as HBAs to the extent of about 8%-15%. For aromatic amines, our results show that these compounds behave on average ca. 70% as HBDs and ca. 30% as HBAs. It is of interest to note that o-nitrophenol acts mainly as an HBA instead ͑67% as an HBA and only 33% as an HBD͒, whereas the isomer p-nitrophenol is 92% HBD. Clearly, intramolecular hydrogen bonding in o-nitrophenol restricts its proton to form an intermolecular hydrogen bond with methanol. In general, it appears that a solute's ability of being HBD rather than HBA is more important in determining ⌬D 12 Ϫ1 or the degree of solute-solvent association in methanol.
IV. CONCLUSION
We have demonstrated in this work that the effects of hydrogen bonding on diffusion can be correlated with the scales of hydrogen-bond acidity and basicity, and that experimental diffusion data can be used to yield useful information concerning hydrogen bonding in dilute solution. For solutes containing one polar group, the degrees of solutemethanol association decrease in the sequence aromatic acidsϾphenolsϾaromatic aminesϾaprotic aromatic solutes, and all aromatic acids, phenols, and amines studied act mainly as hydrogen-bond donors in methanol. For solutes capable of hydrogen bonding at multisites, the existence of intramolecular hydrogen bonding can weaken the HBD capability of solutes as well as the intermolecular interactions with solvent. Our data generally indicate that the degree of solute-solvent association in methanol is largely dependent on a solute's ability as HBD, while HBA plays only a minor role. More importantly, we have presented a model here that can successfully predict diffusivities of associated molecules in methanol. Here, the implication is that theories for motions of associated molecules may possibly be built upon those for nonassociated ones ͑e.g., the rough-hard-sphere theory͒ in terms of the strength of association or the relative hydrogen-bond-donating and -accepting properties of molecules.
